Platelets are essential cellular effectors of hemostasis and contribute to disease as circulating effectors of pathologic thrombosis. These are their most widely known biologic activities. Nevertheless, recent observations demonstrate that platelets have a much more intricate repertoire beyond these traditional functions and that they are specialized for contributions to vascular barrier integrity, organ repair, antimicrobial host defense, inflammation, and activities across the immune continuum. Paradoxically, on the basis of clinical investigations and animal models of disease, some of these newly discovered activities of platelets appear to contribute to tissue injury.
Platelets are anucleate blood cells of myeloid origin that are generated by a unique polyploid precursor, the megakaryocyte, in a complex process termed thrombopoiesis (1) . Circulating platelets are chief effector cells in physiologic hemostasis and pathologic thrombosis (2, 3) , and these are their best-known biologic functions. Management of bleeding, or its risk, owing to thrombocytopenia or platelet dysfunction remains an important clinical issue for pulmonary and critical care physicians (4, 5) . Nevertheless, platelets are versatile and intricate, and they have multiple additional activities in host response to injury and in tissue repair besides hemostasis (6, 7) .
Earlier observations (8) and a more recent genetic analysis (9) suggest that platelets may have evolved from primitive multitasking defensive cells with the capability to recognize and contain microbes in addition to the ability to seal wounds. Although this evolutionary relationship has not been rigorously proved, a substantial body of observations indicates that modern platelets are inflammatory effector cells with cellular and molecular activities that span the immune spectrum and operate in parallel with hemostatic effector functions (7, 10, 11) . In addition to receptors for classic hemostatic agonists, human platelets express functional Toll-like receptors (TLRs), "immunoreceptors" such as FcgRIIA, small C-type lectin receptors, and other molecular recognition systems specialized for infectious and immune signaling (12) . Furthermore, platelets have unique capacities that link inflammation and hemostasis. The latter features have recently generated terms such as thromboinflammation and immunothrombosis (12) .
Platelets transit the pulmonary circulation and have important influences on physiologic defense and pathologic responses of the lungs (13) . There is evidence that platelets have an "amicus or adversary" relationship with the lungs, with the capacity to mediate protection or injury depending on the conditions and the context (14) . The contrasting facets of platelets as both protective and injurious effector cells are particularly apparent in the setting of inflammation.
This review profiles observations that have emerged since the topic of platelets in lung inflammation and injury was last considered in comprehensive fashion in the American Journal of Respiratory Cell and Molecular Biology (14) . Although platelets contribute to diverse immune responses and to a spectrum of inflammatory disorders in the lungs and other organs (12, 15, 16) , in this review we emphasize studies of their activities in experimental and clinical acute lung injury (ALI) and in acute respiratory distress syndrome (ARDS). In the first section of the article, we summarize recent discoveries and new observations related to platelet and megakaryocyte biology and inflammatory activities of platelets that have emerged since the previous review (14) , with occasional reference to studies published earlier. This section includes newly reported examples of inflammatory and immune effector activities of platelets (Table 1) relevant to ARDS and discussion of the complicated issue of platelet effects on vascular barrier integrity. Although we emphasize inflammatory capabilities, we also touch on some of the other newly recognized, "nontraditional" responses of platelets (12) . We also briefly highlight new information on genetic determinants of platelet number and their impact on outcome in ARDS, and we summarize the sketchy information available regarding general features of platelet phenotype and function in ARDS. In the second section of the review, we discuss recent experimental and clinical studies of platelet biology in specific conditions that trigger ARDS and in aspects of its management, and we summarize information relevant to the complicated issue of antiplatelet therapy in ARDS.
Megakaryocytes and Thrombopoiesis in the Lung: New Observations
Megakaryocyte number, distribution, and function and the process of thrombopoiesis may be altered in ARDS (14) . Substantial gaps in knowledge in this area remain, and new findings in the field suggest previously unrecognized complexity in megakaryocyte biology in relationship to the lungs.
Many studies in humans and laboratory animals demonstrate that megakaryocytes and platelets are present in vessels in the mammalian lung under basal conditions (1, 13) . Megakaryocytes released into venous blood from the bone marrow have an impact in pulmonary microvessels, resulting in an intravascular population of cells with the potential to spawn platelets (13) (Figure 1 ). Infusion of mature megakaryocytes into mice resulted in accumulation of the cells in lung vessels, where they shed platelets with characteristic phenotypic features and near-normal halflives (17) . Nevertheless, the contribution of the lung megakaryocyte pool to platelet formation in physiologic and pathologic conditions has been a source of controversy and ongoing study (1, 13) . A recent report provided new insights regarding this issue, as well as additional unexpected and provocative findings. Lefrançais and coinvestigators examined the murine lung microcirculation and observed large numbers of genetically labeled intravascular megakaryocytes that dynamically released platelets (18) . In their experiments, they used state-of-theart intravital microscopy (19) . Real-time imaging revealed events in the lung (18) (Figure 1 ) that are remarkably similar to proplatelet and preplatelet formation in vitro (1, 20, 21) . Biogenesis of platelets from lung megakaryocytes had not been formally demonstrated before this, although it was implied by earlier studies (13) . Calculations indicated that, under the conditions of the observations, intravascular lung megakaryocytes contributed approximately 50% of total platelet production (18) . This is of importance because the magnitude of platelet biogenesis in the lungs has been a topic of debate in the field (1, 13) . Together with these findings, however, the investigators unexpectedly identified immature and mature megakaryocytes in extravascular compartments of the lung, in addition to populations of hematopoietic progenitor cells. Using a lung transplant model and mice with genetic thrombocytopenia, they also observed that these progenitors can translocate from the lungs to the bone marrow and reconstitute platelet numbers under deficiency conditions (18) . Intravascular translocation of bone marrow-derived megakaryocytes to lung microvessels was previously known, as noted above, but movement of megakaryocytes from lungs to marrow was unanticipated. Furthermore, detection of megakaryocytes and hematopoietic precursor cells in extravascular compartments of the lung was unexpected. Together, the observations by Lefrançais and colleagues yield new evidence that the lung is a major site of platelet production and that lung megakaryocytes have unexpected relationships with megakaryocytes in other anatomic locations, and they suggest that lung megakaryocytes may have additional previously undiscovered biologic features (18) . Further examination of these issues in the mouse and in human lungs, particularly in the settings of inflammation and injury, will be interesting and important.
Dysregulated intrapulmonary platelet production may contribute to lung disease Platelets are versatile effector cells with complex activities across the immune continuum in addition to "traditional" hemostatic functions. Additional examples and details can be found in recent and earlier reviews of this topic (7, 8, 10-12, 14-16, 26-29) . and systemic vasculopathies (22) , although this possibility remains largely unexplored (14) . A second unexplored possibility is that lung megakaryocytes have activities that contribute to pulmonary inflammation, injury, and repair independent of thrombopoiesis (13) . Earlier experiments with megakaryocytes isolated from human bone marrow and CD34
1 hematopoietic progenitor cell-derived megakaryocytes demonstrated that these megakaryocytes synthesize cytokines and lipid mediators and respond to inflammatory stimulation (23, 24) , suggesting functions beyond platelet biogenesis. Transcript analysis of megakaryocytes isolated from murine lungs also supports this possibility (18) . A very recent report suggested that megakaryocytes contribute to systemic inflammation and experimental arthritis by releasing soluble and microparticleassociated IL-1 (25) , although it is unknown if lung megakaryocytes have this capacity.
Platelets Are Inflammatory and Immune Effector Cells in the Lungs and Other Organs
There is evidence that platelets can mediate each of the cardinal features of acute and chronic inflammation: rubor (redness), tumor (swelling), calor (heat), and dolor (pain). Platelets also have the biologic potential to influence multiple additional inflammatory and immune processes (12) . As an explanatory note, we consider the inflammatory and immune system to be a continuum that extends from acute, rapidly induced inflammation to chronic, complex immune responses and that mediates both homeostatic host defense and maladaptive and dysregulated tissue and organ injury. On the basis of this formulation, we use inflammation and immune responses interchangeably and in a complementary fashion. Platelets have activities across the immune continuum (7, 10, 11) . Furthermore, they can modify or induce inflammation across the topography of the pulmonary system: in the blood, airway, and alveolar and pleural compartments.
Inflammatory and immune effector activities of platelets have been cataloged and examined in detail in recent reviews (7, 10, 15, (26) (27) (28) (29) . These effector activities are extensive (Table 1) , and in some cases they represent "new biology"-that is, newly discovered biologic capacities that were not previously known to be part of the functional repertoire of platelets (30) . We provide examples of effector activities of platelets relevant to ALI and ARDS in this and later sections of this article. The examples profiled are illustrative and are not comprehensive or exhaustive. Readers are encouraged to examine the literature for others.
Cell-cell interactions with myeloid leukocytes and endothelial cells are common and important effector functions of platelets (7) . Biologic consequences of these interactions include localization of leukocytes and platelets at sites of inflammation and inflammatory injury, as well as complex intercellular signaling. Interactions of platelets with neutrophils (polymorphonuclear leukocytes [PMNs]) have been of prime interest because both cell types accumulate in the lungs in experimental and clinical ALI ( Figure 2 ) and because both contribute to alveolar defense and dysfunction (14) . Furthermore, PMNs are dominant leukocytes in most etiologies of ARDS (31) .
Depending on the model and the organ, both the platelet and the leukocyte have been reported to attract or capture the other cell type (12) . In a model of transfusionrelated acute lung injury (TRALI), sequestration of platelets in the lungs was dependent on neutrophils (32) . In a more recent study using several murine models, polarized neutrophils projected uropods that were believed to "scan" for platelets in the bloodstream; platelet-neutrophil contact then appeared to initiate additional critical inflammatory events, including neutrophil migration (33) . Transient depletion of platelets or neutrophils, or blocking P-selectin glycoprotein ligand (PSGL)-1, reduced lung edema and mortality in TRALI, using the model mentioned above. In additional observations clusters of PSGL-1 on the neutrophil uropod interacting with Pselectin on activated, adherent platelets mediated signaling of neutrophils on the basis of blocking studies and experiments with genetically altered mice. The latter findings are consistent with the established importance of intercellular adhesion and signaling mediated by P-selectin and PSGL-1 in platelet-leukocyte interactions demonstrated by extensive previous observations (reviewed in [7] ). Together, the experiments in this report suggested the primacy of neutrophils in interactions with platelets in inflammation and thromboinflammatory injury (33) .
In other experimental conditions, however, platelets appear to provide localization signals for neutrophils. In a mouse model of focal injury to mesenteric endothelium, platelet protease-activated . Megakaryocytes are present in the lungs and release platelets under experimental conditions. Megakaryocytes are present in microvessels of the lungs of humans and other mammals, and their numbers may be altered in lung injury, inflammation, and thrombosis (reviewed in [13] receptor 4 cleavage by thrombin promoted leukocyte recruitment in a mechanism involving fibrin deposition and platelet surface proteins glycoprotein Iba (GPIba) and P-selectin (34) . In a second example, chemokine stimulation was reported to induce murine platelets to adhere to distinct sites in systemic venules and to "capture" neutrophils and a subset of monocytes via CD40-CD40L/CD154 interaction (35) . Mechanistic experiments indicated that platelet-leukocyte signaling via platelet P-selectin and neutrophil PSGL-1 triggered mitogen-activated protein kinase-dependent activation of integrins on the leukocytes and their extravasation. Additional recent observations indicate that platelet activity is important for LPSinduced neutrophil recruitment into the lungs (36) (37) (38) , adding to earlier reports of platelet-facilitated leukocyte accumulation in a variety of models (12) . Expanding on the theme of platelet-neutrophil interaction, another group reported intricate reciprocal signaling between the two cell types. Platelet depletion reduced lung microvascular platelet-neutrophil aggregate formation, neutrophils in BAL samples, and survival in a mouse model of Escherichia coli pneumonia (39) . Activated platelets adhered to neutrophils via P-selectin interacting with PSGL-1; this facilitated the formation of neutrophil microparticles (microvesicles) in a platelet GPIba-dependent fashion. Microparticles are released by platelets (12) (Table 1) , neutrophils (40) , and other cell types, and they may have important roles in intercellular communication in lung inflammation and ARDS (40) . In the murine E. coli model, neutrophil microparticles transferred arachidonic acid to the platelets, leading to enhanced synthesis of thromboxane A 2 (TXA 2 ), which secondarily induced endothelial activation and neutrophil intravascular "crawling" and transmigration (39) . This sort of daedal cellular cross-talk is consistent with the complexity of platelet interactions with leukocytes and endothelium that has been either demonstrated or suggested by many other investigations (7, 12) (Figure 2 ). "Heterotypic" interactions between platelets and neutrophils may create signaling "microdomains" that contribute to lung injury and systemic vascular damage on the basis of murine models of TRALI and sickle cell vasculopathy (41) . Evidence for localized intracellular signaling between intimately interacting human leukocytes, platelets, and endothelial cells has been reviewed previously (42) .
Intravital microscopy demonstrates that platelet-neutrophil interactions occur dynamically in the mouse lung under basal and injury conditions (43) . Platelet-neutrophil aggregates formed in lung microvessels (Figure 2 ) under direct examination, and dramatically increased when ALI was induced with intratracheal E. coli LPS. Increased platelet-neutrophil aggregate formation was accompanied by activation and intravascular and intraalveolar accumulation of platelets ( Figure 2 ). The latter finding is one of a number of observations indicating that platelets can gain access to extravascular spaces of the lung in parenchymal and airway inflammation (12 Formation of neutrophil extracellular traps (NETs) is a specific consequence of platelet-neutrophil interaction that is of considerable topical interest (44, 45) . NETs are extracellular lattices of chromatin, histones, and granule constituents that are released by neutrophils in a process commonly termed NETosis (Figure 3) . NETs capture and, under some conditions, kill microbes and may be important in host defense, although this question remains controversial (46, 47) . Evolving experimental evidence has generated a general conclusion that inappropriate, or unregulated, NET formation is a mechanism of inflammatory vasculopathy and tissue injury (44, 45, (47) (48) (49) (50) . Platelets induce NET formation (51) , although other pharmacologic and physiologically relevant agonists, including bacteria, viruses, LPS, platelet-activating factor, chemokines, and complement fragments, also induce or amplify NET formation by human PMNs in vitro (45, 48) . Heme, a danger-associated molecular pattern (DAMP) that mediates tissue injury (52) and modifies experimental sepsis (53), induces NET deployment by human and murine PMNs (54, 55) . NETs mediate damage to lung cells in vitro and contribute to lung injury and dysfunction in vivo in experimental models (12, 44) . Histones, which are key components of NET lattices ( Figure 3 ), mediated experimental alveolar injury induced by LPS, C5a, and immune complexes (56) .
In murine models of primary lung transplant dysfunction involving ischemia-reperfusion injury, NETs were observed in transplanted lungs by immunofluorescence microscopy (57) . Activation and intrapulmonary accumulation of platelets were also detected, and ASA administration before orthotopic lung transplant after cold ischemia reduced platelet sequestration and lung injury assessed by BAL markers and oxygenation. Disruption of NETs by intrabronchial administration of DNase also improved oxygenation and reduced lung injury. In a translational facet of this study, NET components were detected in BAL samples from human subjects collected after lung transplant (57) . Platelet-induced NET formation is also reported to contribute to TRALI (32, 58, 59 ) and ventilator-induced lung injury (VILI) (60) (see later sections of this review). Together, these observations indicate that platelet-triggered NET formation contributes to some types of experimental ALI and suggest that NETosis may occur in related clinical conditions. In addition to TRALI, VILI, and primary graft dysfunction in the transplanted lung, substantial evidence indicates that plateletinduced NET formation is important in experimental sepsis and may contribute to septic ALI (see PLATELETS IN SEPSIS AND SEPTIC ALI section below).
Platelets Have Complex Effects on Pulmonary and Systemic Endothelial Permeability and Vascular Barrier Integrity
Increased alveolar-capillary membrane permeability with leak of protein-rich pulmonary edema fluid is a defining characteristic and central feature in the pathophysiology of ARDS (reviewed in [61, 62] ). Platelets have complex influences on the permeability of pulmonary and systemic vessels (reviewed in [12, 13] ) ( Figure 4 ). Under basal conditions with normal or sufficient platelet numbers, semipermeable endothelial barrier integrity is maintained, whereas severe thrombocytopenia results in destabilized endothelial cell-cell interactions and increased endothelial permeability to water, proteins, and red blood cells (RBCs). Experiments with cultured pulmonary endothelial cell monolayers, isolated whole-lung preparations, and instrumented large animal models support these concepts (13) . There is similar evidence that platelets are required for endothelial barrier integrity in the systemic circulation (13, 63, 64) . Nevertheless, there is also evidence that activated platelets-paradoxically-have the converse effect and induce increased alveolar-capillary permeability and pulmonary edema (12, 13) ( Figure 4 ). Evidence for platelet-mediated endothelial barrier destabilization has been generated in experiments with in vitro models and in in vivo small animal studies using a variety of methodologies to assess alveolar barrier function and leak (60, (65) (66) (67) (68) (69) . The mechanisms involved in the "Janus-faced" activities of platelets in regulation of endothelial barrier integrity in the lung and other organs in physiologic and pathophysiologic inflammation-protective in some conditions, injurious in othersremain to be completely defined (reviewed in [12, 13] ). Some platelet mediators, such as serotonin, appear to have both permeability-reducing and permeabilityenhancing properties, depending on the physiological context (13, 70) .
The complexity of platelet regulation of vascular barrier integrity is further illustrated by observations of hemorrhage in inflammation. Like intraalveolar and interstitial edema, alveolar hemorrhage and interstitial accumulation of RBCs are central features of early phases of ALI and its pathologic correlate, diffuse alveolar damage (DAD) (71) (72) (73) . Platelets influence escape of RBCs from microvessels, in addition to regulating the transvascular flux of water and solutes (reviewed in [12, 64] ). Experimental models demonstrate that thrombocytopenia contributes to nontraumatic hemorrhage in the skin, brain, and lungs under acute inflammatory conditions, and they indicate that this is independent of classic platelet hemostatic activities (12, 74, 75) . For example, severe thrombocytopenia was associated with spontaneous alveolar hemorrhage in LPS-induced ALI (74) and bacterial pneumonia (76) in mice. Signaling by platelet glycoprotein VI (GPVI) and a member of the tyrosine-based activation motif immunoreceptor family, C-type lectin 2, was required to prevent inflammationinduced hemorrhage in the lungs and skin in mice (77, 78) . Neutrophils are critical in thrombocytopenic hemorrhage in some models (79, 80) . For example, individual platelets were reported to seal neutrophilinduced vascular defects via a GPVImediated mechanism in murine immune complex-induced skin inflammation (79) . The mechanisms involved in thrombocytopenic inflammatory hemorrhage may depend on the experimental conditions and, perhaps, specific vascular beds. A very recent report suggested this: Platelet degranulation was required to prevent bleeding in ischemic brain inflammation in mice but not in LPSinduced ALI or immune complex-induced skin inflammation (81) . These experimental studies of inflammatory hemorrhage in the lungs and other organs reveal intriguing activities of platelets that appear to differentially mediate vascular barrier integrity and are potentially clinically relevant. Nevertheless, they must be critically assessed in the context of human biology (12) .
There is emerging evidence that platelets influence barrier function of lymphatic vessels in immune responses (Table 1) (82) (83) (84) . This is a newly reported biologic activity of platelets observed in mouse models. Physiologic lymphatic function is critical for prevention of alveolar flooding and clearance of pulmonary edema in inflammation and injury (61) . Thus, platelet influences on lymphatic integrity and barrier function may be important facets of interstitial and alveolar fluid accumulation in ALI that have not previously been considered. Platelets may also be involved in immune cell trafficking in lung lymphatic vessels (12) , although this issue has not been examined extensively.
Platelet Numbers Are Altered in Critical Illness, Influence the Outcome of ARDS, and Are Regulated by Genetic Determinants in Clinical ALI
Thrombocytopenia is common in critically ill patients at risk for, or with, ARDS and is associated with negative outcomes, including death (4, 14, (85) (86) (87) (88) (89) (90) . In clinical observations and a model of gram-negative pneumonia with sepsis, thrombocytopenia was associated with dysregulated inflammation and impaired host defense (76, 91) . Complex mechanisms contribute to thrombocytopenia in ICU patients, including altered thrombopoiesis and platelet consumption and sequestration (4, 5) , each of which may occur in ARDS. The inflamed lung is a significant site of platelet sequestration (14) . The lifespan and ultimate fate of platelets sequestered in microvessels and deposited in plateletfibrin thrombi in the inflamed or injured lung are unknown. Furthermore, determinants of platelet production, sequestration, and destruction in ARDS have not been characterized.
Recent studies identified genetic variants that appear to alter risk and mortality in ARDS by influencing platelet numbers and their decline (89, 90) . Wei and colleagues discovered a SNP in the gene for a cytoskeletal scaffold protein that influences actin assembly and disassembly, LRRC16A, and found that it is associated with platelet number (platelet count) and with altered risk for ARDS. Using mediation analysis, a method to examine Figure 4 . Platelets contribute to maintenance of basal alveolar-capillary barrier integrity, but they also mediate vascular leak and increased alveolar-capillary permeability in acute lung injury. Experimental and limited clinical observations indicated that platelets are critical in maintaining physiologic, semipermeable alveolar, and systemic endothelial barrier integrity, but that activated platelets nevertheless contribute to disrupted vascular barrier function and increased permeability edema in inflammation and acute lung injury. (A) When platelet numbers are sufficient, vascular endothelial cadherin (VE cadherin) bonds are stable, and water and solute transfer out of vessels is restricted in the absence of injury or inflammation. Platelets may also contribute to lymphatic integrity on the basis of recent observations in mice. (B) When platelet numbers are severely reduced, basal endothelial barrier function is impaired, leading to leakage of water and protein from microvessels. Severe thrombocytopenia also contributes to nontraumatic extravasation of red blood cells (RBCs), particularly in inflammation. The mechanisms contributing to platelet-mediated endothelial barrier stabilization in lung and systemic vessels are incompletely defined and under active study (reviewed in [12, 13, 64, 75] ). (C) Activated platelets mediate or amplify increased permeability of alveolar and systemic endothelial barriers in inflammation, in part by signaling PMNs and monocytes, triggering formation of neutrophil extracellular traps (see Figure 3) , and releasing mediators that alter vascular barrier function. As an example of the latter mechanism, activated platelets can synthesize and release soluble and microparticle-associated IL-1b, a major agonist for increased endothelial permeability. Adapted by permission from Reference 13. See text and References 12 and 13 for details.
variables that are potentially linked, they concluded that LRRC16A variants are associated with ARDS risk and that a portion of the association is via influence of LRRC16A on platelet number (90, 92) . In a subsequent analysis, these investigators also found that the LRRC16A genotype influences the rate of decline in platelet number in patients with ARDS in the 28 days after ICU admission, as well as that an attenuated platelet count decline is associated with greater survival (89) . Mediation analysis was again used to evaluate the relationship of decline in platelet number and the association of an apparent functional LRRC16A SNP with mortality. Together, these observations (88-90) provide new insights regarding genetic influences on platelet count in critically ill patients and new evidence that platelet number is a key variable in ARDS outcomes. The mechanisms involved in decline in platelet number, as well as influences of platelet functional alterations on outcomes in ARDS, were not evaluated and are important issues for future investigation (93) .
Changes in Function and Phenotype of Platelets in ARDS: Largely Uncharted Territory
In addition to changes in platelet number, qualitative characteristics of platelets and changes in their functional repertoire may influence ALI and the natural history of ARDS. "Classic" markers of platelet activation, as well as display of receptors on circulating platelets, were found to be altered in samples from subjects with ARDS in limited earlier studies (reviewed in [14] ). More recently, activated platelets were identified in blood samples from patients with ARDS caused by influenza A (94). These limited observations suggest that activities of platelets are altered in subjects with ALI, but correlation with key variables that influence the course of ARDS has not been done. In addition to traditional functions, "new," nontraditional, biologic activities of platelets (12) may also be altered and may influence outcomes in ARDS and its predisposing conditions. For example, it is now known that human and murine platelets have extensive and diverse transcriptomes (95) . Furthermore, the platelet transcriptome and proteome are dynamic and can change in clinical disorders (96) (97) (98) (104) . Viral proteins were detected in platelets in BAL fluid. In addition, serotonin and IL-1b were present in BAL samples from infected animals and were taken as biomarkers of platelet activation. Serotonin and IL-1b are pleiotropic immune modulators with effects on endothelial permeability, endothelial cell activation, and responses of multiple target inflammatory cells (12) . Whereas serotonin is stored in platelets and released on activation, IL-1b is produced by an intricate post-transcriptional synthetic and inflammasome-mediated mechanism in activated platelets (12, 105) , although its biosynthesis was not examined in influenza-infected mice. Genetic deficiency of integrin a IIb b 3 , an a IIb b 3 antagonist, and pharmacologic inhibitors of platelet activation each reduced histologic markers of ALI and mortality in infected animals. In contrast, activation of protease-activated receptor 4, a key platelet receptor for thrombin in mice, worsened ALI and increased mortality, indicating that platelets contributed to lung damage in this model and suggesting that antiplatelet drugs may interrupt inflammatory injury in influenza pneumonia (104) . Observations in a second study indicated that H1N1 influenza activates platelets via a complex mechanism that includes the FcgRIIA immunoreceptor and thrombin generation, thus involving both innate and adaptive immune pathways (106) . This is one of many observations indicating that FcgRIIA is important in platelet biology, Definition of abbreviations: ALI = acute lung injury; CLP = cecal ligation and puncture; NET = neutrophil extracellular trap; TRALI = transfusion-related ALI; VILI = ventilator-induced lung injury.
The list of studies of platelets in experimental models of ALI in this table is not comprehensive, and other relevant investigations using animal models are mentioned in the text. Major variables and platelet activities examined in the studies are indicated, but many of the individual reports contain additional useful findings (e.g., effect on survival). In the listed studies, approaches to indicate contributions by platelets included induced or genetic thrombocytopenia, genetic alterations in platelet adhesion or signaling molecules, inhibition of platelet mediators, and/or administration of antiplatelet drugs or aspirin-triggered lipoxins. Earlier studies of platelets in experimental animal models are mentioned in the text and reviewed in References 12 and 14.
TRANSLATIONAL REVIEW
although it is not expressed on murine platelets (reviewed in [7, 107] ). It was also suggested that interactions between influenza virus and platelets take place in the blood during viremia (106) . Studies of human cells, blood samples, and patients with clinical influenza complement observations in murine models. Thrombocytopenia is a risk factor for death in clinical ALI caused by H1N1 influenza A (108). Human platelets respond directly to influenza virus in vitro, contributing to evidence that platelets are sensors of viral infection in vivo (7, 106) . Platelet-monocyte aggregates form in the blood of human subjects after influenza A vaccination, potentially expanding a population of proinflammatory monocytes (109) . In addition, activated platelets and platelet-monocyte aggregates were present in venous blood samples from patients with ARDS caused by H1N1 influenza A (94), indicating that, as in experimental influenza in mice, platelets may be effector cells in lung injury caused by clinical influenza infection. Lung hemorrhage, microvascular thrombosis, and DAD are observed in severe clinical influenza, generating the proposal that activated platelets mediate aberrant hemostasis and maladaptive, "hyper" inflammation by interacting with leukocytes and endothelial cells in severe influenza infection (110) . Infection of lung endothelial cells by virus, resulting in adhesion of platelets, is suggested to be a mechanism in influenza-induced ALI on the basis of parallel in vitro studies of human lung microvascular endothelial cells and mice infected with H3N2 influenza A (111) . ASA improved survival in the in vivo model described in this report, suggesting that antiplatelet therapy may be a useful adjunctive strategy in severe influenza (111) .
Platelets in sepsis and septic ALI. The contributions of platelets to the dysregulated systemic inflammation and disordered hemostasis that characterize sepsis have been reviewed previously (26-29, 85, 112, 113) . Molecular sensing and signal transduction systems that allow platelets to detect and respond to pathogens and their toxins may be central to the pathogenesis of sepsis (reviewed in [12, 26, 114] ). Engagement of platelet TLRs and other receptors that recognize microbial signals results in activation of "traditional" and more recently discovered effector responses of platelets (Table 1) (12). Thrombocytopenia, which is multifactorial in nature but due in part to deposition of activated platelets in microvascular thrombi, is a key facet of the pathophysiology of sepsis (85) . On the basis of recent experimental observations, altered platelet number and function are central in "pneumosepsis" resulting from primary bacterial lung infection (76, 115) .
Recent experimental findings also demonstrate that platelets influence lung neutrophil recruitment and injury in polymicrobial sepsis modeled by cecal ligation and puncture (66, (116) (117) (118) . Parallel clinical observations indicate that platelets contribute to dysregulated host responses in sepsis resulting from infection in the lungs, abdominal organs, and other tissues (91) .
Histologic analysis and surrogate plasma assays indicate that NETs (Figure 3 ) form in lung microvessels and in vessels in other organs in experimental sepsis and that they contribute to physiologic dysfunction and outcomes (119) (120) (121) (122) (123) (124) . Concentrations of plasma cell-free DNA, taken as a marker of NET formation, correlated with incidence and severity of ARDS in one study (120) . It is not clear, however, that plasma DNA was specific for NETs under these conditions, because DNA is released from injured cells of a variety of types in addition to PMNs undergoing NETosis.
In a recent report, platelets and NETs were central in microvascular thrombin generation, fibrin deposition, and impaired microvascular perfusion in mice challenged with intraperitoneal E. coli LPS (122) . Additional observations suggested that NETs, together with platelets, thrombin, and tissue factor (TF), were critical in the disseminated thrombosis and microvascular dysfunction (122) that are fundamental features of sepsis. This study focused on the microvasculature of the liver, but in vivo imaging also indicated that generation of intravascular thrombin activity was associated with NET formation in lung microvessels. Intravascular fibrin deposition and formation of platelet-fibrin thrombi are key features of septic ALI in humans (reviewed in [14] ), providing clinical relevance. NETs did not directly induce coagulation of human plasma in recent in vitro studies, however, suggesting that there may be species differences or other relevant variables (125) . Agents with the ability to inhibit NETosis or dismantle NETs after their formation have been identified (55, 59, 123, 124, 126) , suggesting potential adjuvant therapeutic approaches in sepsis and septic ARDS.
Evolving evidence indicates that the platelet transcriptome and proteome (95) ( Table 1) are altered in sepsis and other infectious and inflammatory diseases. Platelets from patients with sepsis expressed spliced mRNA encoding TF and accelerated plasma clotting in a TF-dependent manner, whereas spliced TF mRNA was absent and the unspliced, precursor pre-mRNA was present in platelets from healthy age-matched control subjects (127) . Live bacteria, LPS, and staphylococcal a-toxin triggered splicing of the TF pre-mRNA, generation of the mature translatable mRNA, and generation of TF-dependent procoagulation activity in platelets from control subjects studied in vitro, suggesting that signals in the septic "milieu" induced splicing and translation of TF mRNA in circulating platelets in patients with sepsis. The findings extended earlier observations demonstrating the presence of pre-mRNAs, in addition to mRNAs, and a functional spliceosome in human platelets (7, 128, 129) . Sepsis may also alter the transcriptional profiles of megakaryocytes (97) , thereby inducing changes in the transcriptome and proteome of circulating platelets in functionally significant ways (127, 130 , and M. T. Rondina and colleagues, unpublished results). These issues are only beginning to be examined in platelets from patients with septic ARDS.
Aspiration-induced ALI. Instillation of low-pH acid into the tracheobronchial tree is considered to be a relevant model of aspiration-induced ALI, although, as with all surrogate animal models, it does not mimic the clinical condition completely (131) . In an often-cited study (69) , intratracheal insufflation of 1 M HCl in mice induced P-selectin-dependent platelet-neutrophil aggregation; accumulation of platelet-leukocyte aggregates in lung capillaries; and ALI that was reduced by platelet depletion, anti-Pselectin antibodies, ASA, or a TXA 2 receptor antagonist. The findings indicated that intercellular signaling between platelets, neutrophils, and endothelial cells involving TXA 2 mediated acid-induced ALI. Cell-cell interactions involving platelets, neutrophils, endothelial cells, and TXA 2 were also detected in an E. coli pneumonia model (39) , as mentioned in the PLATELETS ARE INFLAMMATORY AND IMMUNE EFFECTOR CELLS IN THE LUNGS AND OTHER ORGANS section above, demonstrating that this multifactorial mechanism is not unique to sterile lung inflammation triggered by acid injury.
Several recent reports add evidence that platelets and platelet-neutrophil interactions contribute to acid-induced ALI. Intratracheal challenge of mice with 0.1 M HCl caused lung neutrophil accumulation, pulmonary edema, and intraalveolar release of neutrophil elastase that were reduced by pre-or post-treatment with a small-molecule inhibitor of the platelet chemokines CCL5 and CXCL4 (66) . Extensive parallel experiments focused on platelet chemokines in ALI in other models (LPS challenge, cecal ligation and puncture) were also included in this report. In a different investigation, platelet-specific CXCL4 and CXCL7 were reported to mediate acid-induced ALI in a complementary fashion that induced neutrophil accumulation and disrupted alveolar-capillary barrier integrity. Genetic approaches resulting in altered chemokine expression revealed differential effects of CXCL4 and CXCL7 on neutrophil sequestration and alveolar-capillary barrier disruption (65) .
In a study that examined effects of ASA-induced mediators in lung inflammation, ASA-triggered resolvin D1 (AT-RvD1) and its receptor were detected in injured lung tissue in a murine model of self-limited ALI involving selective intrabronchial instillation of HCl (132) . Animals treated with AT-RvD1 had decreased numbers of platelet-neutrophil aggregates in right ventricular blood samples, partial alveolar-capillary barrier stabilization, and improved lung mechanics. The experiments were interpreted to indicate that AT-RvD1 reduced P-selectin-dependent plateletneutrophil interactions and thereby ameliorated PMN-mediated alveolar damage in acid-induced ALI (132) .
On the basis of results with platelet depletion protocols and other findings, platelets were reported to trigger endothelial TF expression in the lungs of mice challenged by intranasal HCL instillation (133) . The in vivo observations were supported by experiments with isolated, blood-perfused lung preparations. Additional experiments using genetically altered mice indicated that platelets are activated by reactive oxygen species in acid-induced ALI, resulting in TF, von Willebrand factor, and P-selectin surface expression on both platelets and endothelial cells. The findings suggest that plateletdependent mechanisms mediate secondary intravascular changes in aspirationtriggered ALI, an important observation because the injury is initiated on the epithelial side of the alveolar-capillary membrane (131) . Formation of plateletneutrophil aggregates in mice with acidinduced ALI (69, 132) also indicates that the blood compartment is a site of intercellular signaling after acid-induced alveolar epithelial damage.
Trauma-induced ALI and TRALI.
Platelets are critical in hemostatic responses to penetrating and blunt trauma (134) , and they also have biologic activities that may influence subsequent clinical phenotypes and complications, including the development of trauma-induced ARDS (135) . In a recent report, early transfusion of platelets was associated with increased risk for ARDS in patients with severe isolated traumatic brain injury (136) . The mechanisms accounting for this intriguing observation are yet to be determined, and it is not clear if the transfused platelets, underlying factor(s) contributing to the indications for platelet transfusion, or both were the pathophysiologic culprits. Alterations in vascular barrier stabilizing functions of platelets (63, 137) , in addition to traditional hemostatic activities, may be central to their contributions to complex pathophysiologic responses to trauma (see PLATELETS HAVE COMPLEX EFFECTS ON PULMONARY AND SYSTEMIC ENDOTHELIAL PERMEABILITY AND VASCULAR BARRIER INTEGRITY section above).
Experimental observations suggest that activities of platelets contribute to traumainduced ALI. In studies using a protocol of hemorrhagic shock and resuscitation in mice, neutrophil accumulation and tissue damage were decreased in the lungs and livers of platelet-depleted mice, suggesting that platelets mediated injury to the involved organs by facilitating neutrophil infiltration (68) . Although this report indicates a key role for platelets, their contributions to tissue injury in hemorrhagic shock secondary to focal or multiple trauma are largely uncharacterized. Mechanisms involving other inflammatory effector cells may provide clues. For example, traumatic tissue injury can release circulating endogenous DAMPs that are recognized by receptors on target inflammatory cells, including TLRs (138, 139) . Mitochondrial DAMPs released in this fashion were reported to bind to PMNs in part via TLR9, inducing activation and a sepsis-like state (139) . Platelets also sense and respond to DAMPs via their repertoire of surface TLRs, including TLR9 (reviewed in [12] ), but it is unknown if platelet TLR9 is activated by DAMPs in trauma or trauma-induced ARDS.
TRALI is a potential complication of transfusion of plasma-containing blood products in trauma and surgery, although it also occurs in nontraumatic medical conditions (140) . A variety of observations indicate that platelets and platelet-neutrophil interactions contribute substantially to the pathogenesis of TRALI. A "two-hit" mouse model involving inflammatory priming of the animals followed by infusion of antileukocyte antibodies (32) has been widely employed in the field, and it has revealed important insights into platelet-neutrophil interactions, as mentioned in previous sections of this review, as well as insights into mechanisms of ALI (33, 41, 43, 58, 59, 141) . Platelet-induced NET formation ( Figure 3 ) is a central event in lung damage under these experimental conditions, and platelet depletion or targeting of platelets with pharmacologic agents, including ASA, inhibitors of integrin a IIb b 3 , or ASA-triggered lipoxin A4, reduces ALI (43, 59 ). In vitro experiments in which NET formation and increased endothelial permeability were triggered by activated platelets and reduced by a TXA 2 inhibitor also indicated a mechanism involving platelets (59). Nevertheless, not all investigators agree on a requirement for platelets in experimental TRALI (58, 142) , suggesting that additional effector mechanisms may be involved. Platelets may have differential influences on alveolar permeability to plasma components and on alveolar extravasation of RBCs (Figure 4 ) in murine TRALI (142) .
Platelets in uncommon causes of ARDS: global pathogen-associated syndromes as examples. Although primary bacterial or TRANSLATIONAL REVIEW viral pneumonia, aspiration, sepsis, and trauma cause the majority of cases of ARDS in ICUs worldwide on a day-to-day basis, less common etiologies are also important from both biologic and management perspectives. Infectious diseases with global impact, particularly systemic pathogen-induced syndromes, are useful examples. Of these, severe malaria is of major significance. Malaria is transmitted in over 100 countries, and imported malaria in travelers and emigrants occurs with substantial frequency in Europe and North America. Malaria-associated acute respiratory distress syndrome (MA-ARDS) is most commonly caused by Plasmodium falciparum but can be caused by each of the five malarial parasites that infect humans, and it is one of several lifethreatening malarial syndromes that can occur alone or in combination (143) . The pathophysiology of MA-ARDS includes increased-permeability pulmonary edema ( Figure 5 ) and other features that are characteristic of more common causes of ARDS (144) (145) (146) . Animal models of malaria-associated acute lung injury (MA-ALI), particularly mice infected with rodent malarial strains, provide useful insights regarding lung involvement (146) and other aspects of the immunopathogenesis of malaria and its severe complications (147) . Experimental and clinical observations indicate that monocytes and macrophages are critical leukocyte subtypes in inflamed alveoli in MA-ARDS and MA-ALI (146, 148) ( Figure 5 ), an important difference from the neutrophilic inflammation that dominates more common etiologies of ARDS (31) (Figure 2 ). Inflammation in malaria is largely manifested as an inflammatory vasculopathy involving accumulation of monocytes, macrophages, lymphocyte subsets, platelets, and infected RBCs in vessels ( Figure 5 ) (reviewed in [114] ), although leukocytes are sometimes found in the interstitium and alveolar space in MA-ALI and MA-ARDS (146) . It is possible that MA-ARDS is a unique subphenotype that differs from inflammatory subphenotypes induced by other underlying causes of ARDS (149) , although this has not been examined.
Thrombocytopenia is common in severe malarial syndromes (143) . Platelets respond in complex and controversial ways to malarial infection (150, 151) , and they are suggested to contribute to the pathophysiology of MA-ARDS (146) ( Figure 5 ). Nevertheless, knowledge in this area is superficial and needs to be expanded. Platelets sequester in the lungs in murine MA-ALI caused by Plasmodium berghei ANKA (152). CD40 and CD40L, which are important immune modulators in platelet biology (12, 29, 35) , may be central in this experimental model (146, 153) . In parallel, there is evidence that platelets are important in the inflammatory vasculopathy of cerebral malaria (15, 114) , another major condition in the spectrum of severe malaria (143) . The activities of platelets and their interactions with other immune effector cells ( Figure 5) have not, however, been clearly defined in cerebral malaria, experimental MA-ALI, or clinical MA-ARDS and need further study. Organspecific intravascular infiltrates and inflammation are suggested to occur in severe malaria (154) , and it is possible that contributions of platelets are distinct in malarial inflammation in the lung and brain (146) . A confounding factor in ultimately determining the contributions of platelets to clinical MA-ARDS is that concomitant bacterial pneumonia and sepsis, syndromes in which platelets may have activities both unique and overlapping with those in severe malaria (see the previous sections in this review), occur with significant frequency in patients with malaria-induced alveolar injury (144) . Thus, mechanistic investigations employing the animal models may be particularly useful in addressing this issue.
Additional pathogen-associated systemic inflammatory syndromes that are uncommon in North American and European ICUs but are major problems in other parts of the world also cause ARDS, including dengue and leptospirosis. Thrombocytopenia is a central feature of each (155, 156) . Circulating platelets are activated in dengue (157) , although this has not been investigated in leptospirosis. Symptomatic pulmonary complications are relatively uncommon in dengue, but alveolar involvement and pleural effusion occur (158) . Platelets from patients with dengue, or exposed to dengue virus in vitro, release IL-1b in microparticles that increase permeability of cultured endothelium (157) . Thus, circulating platelets could contribute to alveolar and pleural vascular leak in this infection. DAD and clinical features consistent with ARDS have been reported in fatal cases (158) (159) (160) . Coinfection with dengue and influenza A leading to severe, fatal ALI has also been reported (161) . Similarly, characteristic clinical and histologic features of ARDS occur in severe leptospirosis (156, 160) . Platelets and platelet aggregates accumulate in alveolar capillaries (156) , and activated platelets may contribute to the lung injury, but there are no definitive studies. Even less is known about platelets in severe acute respiratory syndrome, Middle East respiratory syndrome, and other uncommon and emerging infectious syndromes that cause ARDS.
Platelets in supportive measures used in ARDS. Platelets contribute to comorbid conditions that frequently affect patients with ARDS, regardless of the frequency of the underlying cause (reviewed in [16, 162] ). In addition, inappropriate measures of systemic or respiratory support, including ventilation with excessive VT and high concentrations of inspired oxygen, are potential causes of morbidity and mortality in patients with ARDS (62, 163) . Platelets may also contribute to these iatrogenic complications (14) . Previously, on the basis of assays of endothelial cells isolated from blood-perfused rat lungs and conditions of platelet depletion compared with normal platelet numbers, it was reported that platelets transfer proadhesive factors to endothelium in high-VT ventilation (164 (165) . Platelets were not examined in this study. Hyperoxia induces pulmonary platelet sequestration and platelet-fibrin thrombi formation, is a classic cause of DAD, and may accelerate the progression of ARDS (72, 73, 163) . Nevertheless, platelet depletion did not markedly alter lung injury resulting from exposure of hybrid (CBAxC57BL/10) mice to 100% oxygen for various time periods, yielding the conclusion that platelets are not requisite for oxygen toxicity (166) . A more recent study identified a survival disadvantage when c-mpl 2/2 mice with genetic thrombocytopenia were challenged with hyperoxia (32) .
In addition to high-VT ventilation and excessive inspired oxygen, excessive fluid administration resulting in increased lung microvascular pressure can worsen extravasation of fluid and protein across the leaky alveolar-capillary membrane and may drive progression of ALI to ARDS (61, 163) . In earlier studies of alveolar responses to hydrostatic stresses, increased pressure in venular capillaries in isolated, blood-perfused rat lungs induced surface P-selectin expression on endothelial cell-(167) and P-selectin-dependent leukocyte accumulation in lung postcapillary venules (168 (171) (172) (173) (174) (175) (176) . These observations generated a rationale for prospective evaluation of ASA in ARDS (177) (178) (179) . A randomized clinical study of low-dose ASA as a preventative agent, the LIPS-A (Lung Injury Prevention with Aspirin) trial, was subsequently completed and had negative results (180) . There are a number of potential reasons for a lack of effect of ASA in this trial, including timing of administration and dosing of the drug, which are ubiquitous issues in clinical and experimental studies of pharmacologic intervention in ALI and ARDS (163, 181, 182) . The dosing regimen in the LIPS-A trial was rationally chosen from the literature, predicting that it would elevate plasma antiinflammatory lipoxin activity and reduce plasma thromboxane concentrations on the basis of analysis of patients with other disorders (180) , but these variables as direct indices of ASA efficacy were not reported in the LIPS-A study. Of note, an unexpectedly low number of control patients developed ARDS in this trial, reducing power to detect a beneficial effect of ASA (180, 183) . Another possible factor in the outcome is that, although ASA inhibits "traditional" hemostatic responses such as platelet aggregation and TXA 2 synthesis and has antithrombotic activities (2), it is not a complete antiplatelet agent and does not block some inflammatory effector activities of platelets. For example, ASA did not attenuate surface translocation of P-selectin by activated platelets or formation of platelet-monocyte and platelet-neutrophil aggregates in human whole blood treated with a variety of prothrombotic and proinflammatory agonists (184, 185) . In addition, ASA alone did not block synthesis of MCP (monocyte chemoattractant protein)-1 or IL-8, release of active matrix metalloproteinase 9, or synthesis of cyclooxygenase 2 when thrombin-stimulated human platelets adhered to and signaled human monocytes in vitro (186) . Because P-selectin translocation and P-selectin binding to monocyte PSGL-1 are critical for platelet-leukocyte aggregate formation and intercellular signaling under these conditions (reviewed in [7] ; also see the PLATELETS ARE INFLAMMATORY AND IMMUNE EFFECTOR CELLS IN THE LUNGS AND OTHER ORGANS section above), this result is consistent with lack of inhibition of P-selectin translocation by ASA noted in other experiments (184, 185) . These studies suggest that there may be major defects in the therapeutic profile of ASA administered as a single agent to interrupt inflammatory events that are critical to the pathogenesis of ARDS on the basis of multiple experimental observations cited in this review. Nevertheless, 7 days of low-or high-dose ASA pretreatment reduced indices of alveolar inflammation in volunteers subjected to lowintensity LPS inhalation challenge, and shortterm ASA reduced alveolar neutrophilic inflammation in ex vivo perfused and ventilated human lungs (187) . This important result demonstrates that ASA alone inhibits some components of acute lung inflammation in humans and human tissues under some conditions, but it may not be sufficient to alter the natural history of ARDS. An additional possibility regarding the negative LIPS-A outcome is that platelets have barrier-protective activities ( Figure 4 ) and alveolar reparative potential in the injured lung (14, (188) (189) (190) that might be blunted by antiplatelet agents such as ASA (12) . As a corollary, evidence that platelets have defensive activities against pathogens continues to evolve (7, 15, 26, 28, 191) ; these functions could also be reduced by inhibitory drugs. "Amicus or adversary" issues of this nature will need to be taken into account in future considerations of ASA or other antiplatelet agents, alone or in combination with additional pharmacologic interventions, in ARDS (169).
Conclusions
As outlined in the first section of this review, platelets have traditional and more recently discovered biologic activities that confer broad functions in host defense but also establish them as effector cells in thrombosis, vascular barrier dysregulation, and complex inflammatory responses, which are key processes that underlie ALI and ARDS. Consistent with this "amicus or adversary" paradox, the second section of the review outlines evidence from experimental models and limited clinical information that supports contributions of platelets to common and less frequent causes of ARDS and to complications of its supportive management. New genetic observations indicate that platelet numbers influence the natural history and outcomes in ARDS, suggesting the possibility that platelet function and phenotype may have similar influences. Yet, the number, function, and characteristics, including "new" biologic features such as the transcriptome, protein synthetic potential, and malleable proteome, of platelets in common and uncommon subphenotypes of ARDS remain undefined. Contributions of lung megakaryocytes to inflammation and thrombosis in experimental ALI and clinical ARDS are also unexplored, and new discoveries of the lungs as sites of regulated thrombopoiesis have not yet been plumbed in conditions of acute lung injury and inflammation. Differences in the results of studies of antiplatelet agents in experimental ALI, as well as retrospective analysis of platelet-inhibitory drugs in clinical lung injury populations considered in the context of the results of the recent prospective LIPS-A trial of ASA as a preventative agent, raise issues regarding platelets as therapeutic targets in ARDS. Pursuit of these and related questions (Table 3 ) in the next decade will almost certainly reveal additional unexpected features of platelets and megakaryocytes and their relationship to lung biology, as well as their activities in lung inflammation and injury. n Author disclosures are available with the text of this article at www.atsjournals.org.
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